flexographic printing, metal oxide, nanotexture, non-faradaic, biosensor 1 ABSTRACT In this work, the formation of a nanotextured surface is reported on flexographic printed zinc oxide thin films which provide an excellent platform for low-cost, highly sensitive biosensing applications. The ability to produce nanotextured surfaces using a high throughput, roll-to-roll production method directly from precursor ink without any complicated processes is commercially attractive for biosensors that are suitable for large scale screening of diseases at low cost. The zinc oxide thin film was formed by printing a zinc acetate precursor ink solution and annealing at 300°C. An intricate nanotexturing of the film surface was achieved through 150°C drying process between multiple prints. These surface nanostructures were found to be in the range of 100 to 700 nm in length with a width of 58 ± 18 nm and a height of between 20 and 60 nm. Such structures significantly increase the surface area to volume ratio of the biosensing material which is essential to high sensitivity detection of diseases. Non-faradaic electrochemical impedance spectroscopy measurements were carried out to detect the pp65-antigen of the human cytomegalovirus using the printed device, which has a low limit of detection of 5 pg/ml.
Introduction
Metal oxide semiconductors such as indium tin oxide, zinc oxide (ZnO) and tungsten oxide, can be found in a wide range of applications due to their many advantageous material properties. [1] [2] [3] For example, ZnO has been extensively researched for light emitting diodes, solar cells and biosensors, [4] [5] [6] [7] [8] among many other applications. The use of metal oxide semiconductors in sensing applications has been successful because they benefit from being relatively inexpensive and robust as well as having quick response times and high sensitivity when compared with other sensing materials. 9 These properties make them useful in a variety of sensing applications such as environmental, chemical and biological sensing. [10] [11] [12] Metal oxide nanostructures can further improve the performance of devices as they exhibit large surface area to volume ratio, good electron mobility and biocompatibility. 13 Most ZnO thin films have been deposited onto surfaces using techniques such as chemical vapour deposition, physical vapour deposition and molecular beam epitaxy. [14] [15] [16] Surface nanostructures have been developed using techniques such as electron beam lithography, nanoimprint lithography and scanning probe lithography etc. However, these techniques are expensive, time consuming and require complex processing steps, hence they are not ideal for low-cost mass production of highly sensitive biosensors that can be potentially used for large scale screening of diseases. In any screening programs, cost of the device is one of the major key factors to be considered. Therefore, the use of low-cost, high yield manufacturing techniques for the fabrication of ZnO nanostructured biosensors are highly desirable. The use of methods such as flexographic printing of nanostructures onto substrates would significantly reduce the cost and improve the viability of mass production of ZnO devices. Flexographic printing has been previously reported by the authors for selective patterning of seed layers for the growth of ZnO nanowires. 17 The technique 3 has also been more recently used for the production of thin film transistors with the formation of In 2 O 3 layers. 18 In this work, the direct formation of intricate nanotextured surface on flexographic printed ZnO thin films is reported for the first time and demonstrated for biosensing application. These nanoscopic structures were formed without undergoing any complicated posttreatment and are ideal for use as biosensing platform. The device consisting of silver (Ag) electrodes and ZnO thin film was fabricated on organic substrates using the flexographic printing technique, which would simplify the production process and significantly reduce the cost of devices.
Here a precursor ink was deposited through the use of flexographic printing to provide a ZnO thin film onto which bio-receptors can be bound for use as biosensor. The printing of these films is studied with an increasing number of printed ZnO layers. Studies were carried out to investigate the morphology of the printed surface and the structure of the polycrystalline layer.
The device was subsequently functionalized with anti-pp65 antibodies and used in non-faradaic electrochemical impedance spectroscopy (EIS) for the rapid detection of human cytomegalovirus (HCMV). The detection of the pp65 HCMV protein was carried out as an example of the device sensing capabilities. Changing the functionalized antibody would allow the detection of other biomarkers for the detection of a wide variety of other diseases. EIS biosensors have been widely investigated for the direct (i.e. label-free), rapid detection of antigens due to its extremely high surface sensitivity. This high surface sensitivity allows the detection of disease biomarkers which can be captured by attached bio-receptors at the surface of the sensor. 19 This is a major motivation towards the use of EIS as most other techniques require their target biomarker to be attached with a label for detection. The pp65 antigen that is detected here, is the most abundant tegument protein within extracellular virus particles of HCMV. 20 HCMV is a wide spread pathogen that infects the majority of people worldwide by early adulthood. 21 50% to 85% of the world's population are infected by HCMV by the age of 40. 22 HCMV can cause mortality in individuals with weakened immune systems such as AIDS and organ transplant patients. 23 It is also of significant concern if a woman is infected while pregnant, since the virus can spread to the unborn baby. This affects one to two babies in every two hundred and can result in permanent disabilities, such as mental retardation, blindness, deafness or even fatality to the babies. 24 Early detection, within a month of birth, can lead to early treatment and potentially prevention or reduction of complications in later life. 25 Since 27 and electrochemical detection using an ultramicroelectrode have also been reported. 28 However these technologies lack the scalability in production. The use of biosensors such as those based on EIS can minimize the time and cost of testing, due to their ease of use. 29 The low cost, mass producible, sensitive and accurate point of care diagnostic technology for HCMV being developed here tackles the problems with current methods to enable large scale screening of newborn babies. Figure S1 ). The working principle of the flexographic printer is detailed in previous work by the authors. 17 Briefly, ink is placed onto an anilox roller that transfers a controlled volume of ink to the printing plate (a photopolymer with desired image in relief) which subsequently prints the desired pattern onto the substrate. The technique is ideal for high volume mass production as it provides continuous roll-to-roll printing. This printing process led to a nanotextured ZnO surface ideal for high loading of bio-receptors.
The optimal printing parameters for printing the Ag ink and zinc acetate ink using the F1 printer, are summarized in Table 1 . Figure S1 in Supporting Information for illustration of force directions
Characterization
A range of techniques were employed to characterize the printed layer and the performance of the fabricated biosensors. High resolution images of the resultant ZnO layer were obtained using a Hitachi S-4800 SEM and a JPK Instruments atomic force microscope (AFM) used in AC mode with appropriate tapping mode RTESP AFM probes (Bruker, USA). X-ray photoelectron spectroscopy (XPS) analysis was carried out at room temperature using the Kratos Axis Supra system equipped with a monochromatic Al Kα source with energy of 1486.6 eV. For crystallinity analysis a Bruker D8 Discover X-ray diffraction (XRD) system, equipped with a Cu Kα (0.15418 nm wavelength) x-ray source and a Lynxeye detector, was used. To evaluate the suitability of the annealing temperature a Perkin Elmer STA6000 simultaneous thermal analyser was used. The STA6000 used here was equipped with a Perkin Elmer TL9000 transfer line to a Perkin Elmer FTIR spectrum 100 for Fourier transform infrared (FTIR) analysis of the exhaust gasses. This allowed identification of compounds released from the sample during the thermal analysis. The biosensors were studied through the use of non-faradaic EIS, performed using a Gamry reference 600 potentiostat.
Bio-Functionalization
A schematic of the printed device is shown in Figure 1 washed with deionised water. The sensing window was then exposed to 50 µl of 50 mM ethanolamine (pH 8.5) for 15 mins to deactivate the unreacted aldehyde groups of the glutaraldehyde and was washed as previous. 32 The slightly elevated pH of the ethanolamine solution also aids in removing unbound antibody from the surface. Finally, 100 µl of 5% bovine serum albumin (BSA) was incubated onto the sensing window for 30 mins and washed as previous. The BSA blocks sites where proteins could non-specifically absorb onto the sensor surface, improving the selectivity of the sensor.
EIS Sensor Testing
EIS sensors can be operated in two different detection modes, namely faradaic and nonfaradaic. The use of faradaic EIS offers low detection limits. However, it requires the use of redox probes to be introduced to the sample of interest, hence requiring a sample preparation step. The use of non-faradaic EIS eliminates the need for this sample preparation step as no 9 redox probe is required and the capacitance is measured instead of the charge transfer resistance.
Hence non-faradaic sensors are sometimes referred to as capacitive biosensors. Non-faradaic sensors therefore provide a pathway towards simple to use point-of-care diagnostic devices without the need for sample preparation. To the author's knowledge, this is the first time that direct detection of HCMV proteins has been performed with non-faradaic EIS. For EIS measurements, AC signals of different frequencies are applied between the two electrodes while the voltage and current is monitored. This allows the frequency dependent impedance to be measured. For non-faradaic measurements, the attachment of molecules to the surface displaces water molecules, reducing the dielectric constant at the surface, hence reducing the surface capacitance. 33 To perform the EIS measurements the devices were connected to the potentiostat and 100 µl of PBS was added to the sensing window. EIS measurements were performed over a frequency range of 50 mHz to 1 kHz with an applied AC potential of 10 mV until a stable baseline reading was achieved. The PBS solution was then replaced with 100 µl pp65-antigen (Miltenyl Biotec Ltd, Surrey, UK) in PBS, incubated for 15 mins and then a further EIS measurement was carried out. This procedure was repeated for different concentrations of pp65-antigen between 0.385 ng mL -1 and 38.5 µg mL -1 with EIS measurements performed after each incubation period. Similar measurement were carried out with just PBS (as negative samples, i.e.
without the addition of pp65-antigen) to determine the response of the biosensor to negative samples. Changes in phase and capacitance were normalized to the baseline of the biosensor for both positive and negative sample tests.
To assess the selectivity of the biosensor, tests were performed on a mixture of other proteins.
The biosensors were incubated for 15 mins with a mixture of gB-antigen (AbD serotec, Kidlington, UK), collagen (Jellagen, Pembroke Dock, UK), BSA and pp65-antigen, each having a concentration of 40 µg mL -1 . The result was compared with biosensors incubated with the above mixture at the same concentration but without pp65-antigen. In both tests, the biosensors were exposed to a range of proteins but only one set had the pp65 protein. Such tests mimic clinical samples which contain a mixture of many proteins.
Results and Discussion

Nanotextured Surface at Printed ZnO Layer
Ag interdigitated electrodes were printed onto PI substrate as described in the methods section and subsequently overprinted with 1, 3 or 6 layers of zinc acetate ink. After annealing, the resultant ZnO layers were characterized. To fabricate a device from a printed precursor ink it is important to ensure that conversion of the zinc acetate to ZnO is achieved. It has been well reported that thermal decomposition of zinc acetate will form ZnO. 17, 34, 35 Here a temperature of 300°C, which is 50°C less than the glass transition temperature of the PI substrate, is desirable.
The thermogravimetric analysis (TGA) data in Figure 2 
where t is the domain size, K is the shape factor, λ is the x-ray wavelength, β is the peak broadening and θ is the Bragg angle. For the estimation of the particle size, a shape factor of 0.9 was used to represent domains almost spherical in shape (the particles can be seen in the high magnification SEM images shown in Figure S4 of the Supporting Information). The Bragg angle 14 and full width half maximum (FWHM) of the peaks were calculated by curve fitting of the XRD peaks with Gaussian curves. The fitted curves along with an envelope created during the fitting process are shown on the XRD plot in Figure 2 (c) and represented by blue dotted and red dashed curves respectively. A summary of the Bragg angles and FWHM for each of the ZnO peaks is shown in Table 2 . The peaks generated by the substrate have not been included. From this data, domain sizes have been calculated for each peak and the average of the calculated domain sizes is 7.2 ± 2.7 nm.
The uniformity and morphology of the resultant ZnO layer was studied. XPS, which is a surface-sensitive analytical technique, was used to evaluate the coverage of ZnO over the Ag surface by observing the reduction of the Ag peak as the number of printed zinc acetate layers Ag at the higher regions to become exposed, which was then detected using the XPS. SEM images of printed regions on the PI substrate show a more uniform coverage due to the smoother underlying surface (images shown in Supporting Information Figure S5 ). For samples with 6 prints, it can be seen from Figure 4 (a)iv that intricate nanoscale features are formed on the surface of the sample. These surface features are forming over the printed areas, such as on Ag electrodes and PI substrate, and are made up of aggregated ZnO nanoparticles. AFM analysis of the printed layers was carried out in areas of PI rather than Ag so the roughness measurement is of the ZnO layer and not dominated by the Ag roughness. This analysis shows topographical changes with number of prints. Roughness measurements were taken on 0, 1, 3, and 6 print samples and were averaged over 4 different scan areas of 2 µm x 2 µm. A graph of the results of the roughness analysis is shown in Figure 4 (b) where it can be seen that the roughness drastically increases with increased prints (for 3D representations of typical AFM images for 1, 3 and 6 printed layers see Supporting Information Figure S6 ). Figure 4 (c)
shows a particle size distribution plot carried out on high magnification SEM images. The average particle size and standard deviation for 1, 3 and 6 print samples was determined to be 7.8 ± 2.0 nm, 8.5 ± 2.2 nm and 7.2 ± 1.8 nm respectively. The similarity between these sizes indicates that the particle size is independent of the final layer thickness. It is anticipated that the particle size is more dependent on the annealing process than the number of prints. 39 The particle size found here correlates well with the average size estimated from the XRD peak widths. This suggests that the majority of the nanoparticles, as seen in the SEM are single crystalline domains of ZnO. Furthermore, the increasing roughness observed in the AFM analysis is caused by particle grouping and stacking rather than particle size changes. It can be seen from the SEM images (more apparent on the 6 print samples in Figure 4 It is thought that the formation of these nanotextured features occurs during the drying phase of the ink between each subsequent print. Surface imperfections beneath the printed layer could act as local pinning points during later stages of the drying process, so that as liquid evaporates these points must be replenished by liquid from the surroundings. 40 The resulting flow would carry zinc acetate precursor towards these areas, creating a high point on the surface after drying.
These deposits would encourage seeding at the same point in the subsequent printed layers. In this way, the phenomenon will increase the size of these nanotextured features with further print and dry cycles. Due to the high content of isopropanol in the ink it is anticipated that the vast majority of the particle formation will occur after the printed liquid layer has dried. SEM imaging of drop cast zinc acetate ink (with no heat treatment) shows no evidence of any particles and a Malvern zeta sizer used to size particles in the ink solution was unable to provide any meaningful data. This leads to the conclusion that the particles are formed by the heating steps and do not already exist in the ink itself. ZnO crystals start to form at temperatures as low as 80°C but higher temperatures tend to provide better crystal structure and higher conversion efficiency. 39 The nanotextured surface features, most prevalent in the 6 print samples, could prove useful in developing highly sensitive biosensors. Therefore the biosensors reported here are from devices, which have undergone 6 printed layers. These devices were subsequently functionalized and tested for the non-faradaic detection of HCMV.
Biosensor Performance
To assess the performance of the sensors, biosensing was performed on samples of PBS (Figure S8(a) ). This plot shows that the impedance is steady while the phase shifts as the device is incubated in increasing pp65-antigen concentrations. Figure S8 
Selectivity Test
Selectivity of the biosensor to the pp65-antigen was tested against other proteins. Figure 7 shows a change of -2.6±0.4 µF and -1.13±0.04° for capacitance and phase respectively after incubation in a positive sample containing a mixture of gB, collagen, BSA and pp65-antigen tested in triplicate. Figure 7 also shows the change in capacitance and phase due to incubating the biosensor with negative samples of gB, collagen and BSA without pp65-antigen and tested in triplicate to be -0.3±0.2 µF and -0.09±0.19° respectively. This shows that the biosensor is selectively detecting pp65-antigen in a mixture containing other proteins and is not simply detecting any protein non-specifically attaching to the surface of the biosensor. Data taken from EIS spectra at 50 mHz for both (a) change in capacitance and (b) change in phase.
Conclusion
Direct fabrication of immunosensors consisting of ZnO nanotextured surfaces using the roll-toroll flexographic printing technique was demonstrated. ZnO thin films were produced from printed layers of zinc acetate ink followed by annealing at 300°C to allow thermal decomposition of the precursor to ZnO. An intricate nanotextured surface was formed during the drying process between printed layers. The nanotextured surface is excellent for maximizing surface functionalization, which provides high sensitivity in the detection of biomarkers. Non-faradaic 27 biosensors fabricated through the printing technique were tested against HCMV pp65-antigen demonstrating a low detection limit of 5 pg ml -1 with good selectivity to the antigen among a mixture of other proteins. This facile method of developing nanotextured surfaces would provide a pathway towards low-cost, highly sensitive and mass producible biosensors that are ideal for large-scale screening of diseases.
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